Plant chloroplasts contain transcription factors that functionally resemble bacterial sigma factors. We have cloned the full-length cDNA from mustard (Sinapis alba) for a 53 kDa derived polypeptide that contains similarity to regions 1.2-4.2 of σ 70 -type factors. The amino acid sequence at the N-terminus has characteristics of a chloroplast transit peptide. An in vitro synthesized polypeptide containing this region was shown to be imported into the chloroplast and processed. The recombinant factor lacking the N-terminal extension was expressed in Escherichia coli and purified. It confers the ability on E.coli core RNA polymerase to bind specifically to a DNA fragment that contains the chloroplast psbA promoter. Transcription of the psbA template by E.coli core enzyme in the presence of recombinant SIG1 results in enhanced formation of transcripts of the size expected for correct initiation at the in vivo start site. Together, these data suggest that the mature protein acts as one of the chloroplast transcription factors in mustard. RNA gel blot hybridization reveals a transcript at ∼1.8 kb, which is more abundant in light-grown than in dark-grown mustard seedlings.
INTRODUCTION
Chloroplasts, the unique plant cell organelles, contain DNA and have their own gene expression system (1) . They are generally viewed as descendants from eubacteria-like endosymbionts that have become integrated into the intracellular network of the host (2) . This is reflected by the fact that many chloroplast proteins are encoded by nuclear genes and are imported from the cytoplasm (3) . As an example, the organelle transcription machinery itself comprises two RNA polymerases of dual genetic origin (4) (5) (6) . One is a nuclear-encoded enzyme of the single-subunit type like that of mitochondria (7) , the other has a multi-subunit structure that closely resembles eubacterial RNA polymerase. Its core polypeptides are chloroplast-encoded and share extensive sequence similarity with the α, β and β′ subunits from Escherichia coli (8, 9) . This 'bacterial-type' plastid polymerase interacts with a set of proteins that, like prokaryotic sigma factors, confer promoterspecific binding and transcription specificity and were hence termed sigma-like factors (SLFs) (10) (11) (12) (13) . These findings raised important questions as to the structure, intracellular location, and function of these factors, all of which depend on the successful cloning of the sigma genes.
It was shown for two different strains of Cyanidium caldarium, a unicellular eukaryote, that they contain functional genes for chloroplast proteins with sequence similarity to eubacterial σ 70 factors (14, 15) . More recently, three different sigma-like cDNAs were reported for the higher plant Arabidopsis thaliana (16, 17) . Using a related plant species, Sinapis alba (mustard), we previously isolated and biochemically characterized three chloroplast factors, termed SLF 67 , SLF 52 and SLF 29 (12, 18, 19) . In order to understand the role of these factors further, it would be advantagous to clone their genes from the same plant species. Here we report the cDNA cloning, sequence analysis and initial functional characterization of a nuclear-encoded chloroplast sigma factor from mustard.
MATERIALS AND METHODS

Plasmid DNA
Plasmid pSA05/H120 contains a 120 bp HinfI fragment that carries the mustard psbA promoter (11, 20) . This promoter contains -35 (TTGACA) and -10 (TATACT) elements as well as a TATA-box-like element (TATATAA) (20, 21) . The 0.5 kb BamHI fragment Bam0.5, which was prepared from plasmid pSA364 (22) , contains a portion of the chloroplast trnK intron (23) .
PCR cloning
Two oligonucleotides derived from an A.thaliana EST sequence (GenBank accession no. T88387) (24), 5′-CCTTGTTCAGGGT-GGTCTTATCGG-3′ and 5′-TCCTATCAATGGAGGGTGTG-ATTCC-3′, were used for PCR amplification from total DNA of S.alba. The PCR reactions were carried out in 10 mM Tris-HCl pH 8.8, 1.5 mM MgCl 2 , 50 mM KCl, 0.1% Triton X-100 with 50 pmol of each primer, 200 µM of each dNTP and 2 U PrimeZyme thermostable DNA polymerase (Biometra). Amplification cycles were 30 s at 94_C, 1 min at 55_C, 1 min at 72_C. The products *To whom correspondence should be addressed. Tel: +49 234 700 5495; Fax: +49 234 7094 188; Email: gerhard.link@rz.ruhr-uni-bochum.de Nucleic Acids Research, 1998 , Vol. 26, No. 11 2741 were purified using the QIAquick kit (Qiagen) and then cloned into the EcoRV site of pBluescript (Stratagene) (25) , resulting in plasmid pBS/Sig1-0.30 with a 300 bp PCR fragment as the insert.
RACE and plaque-filter hybridization
RACE was carried out as described (26) , using a second biotinylated primer and streptavidin-coated magnetic beads (Dynal) for purification of products obtained by the first amplification. To amplify the 5′ end, we used the primers 5′-TCGGATTAGACCTAGCCTTTCATGC-3′ and 5′-TGCAG-GTGAGTAGGCAACCTCAAGG-3′. Cloning of the RACE products into pBluescript resulted in pBS/Sig1-1.12. The 3′ RACE using primers 5′-TGGTGGATTCGACAGGGTG-3′ and 5′-CGACAGGGTGTGTCAAGAGCA-3′ produced pBS/ Sig1-0.74. HybriZAP cDNA library construction with poly(A) RNA from 5-day-old light-grown mustard seedlings and plaquefilter hybridization was performed according to the Stratagene manual. Following hybridization with the 300 bp PCR product from plasmid pBS/Sig1-0.30 as the probe, clone pHZ/Sig1-1.80 was selected, which contains the full-length Sig1 sequence.
DNA sequencing
Nucleotide sequences were determined both manually by the dideoxy method (27) using T7 DNA polymerase (Pharmacia) and automatically using an ALF express (Pharmacia). Internal Sig1 oligonucleotides were used as primers for reading of overlapping sequences.
In vitro chloroplast import
In vitro coupled transcription/translation of Sig1 clones was carried out in the TNT T7 reticulocyte lysate system (Promega) exactly as detailed in the manual. The 35 S-labelled translation products were tested in chloroplast import assays using chloroplasts from 10-day-old pea plants as described (28) .
Expression and purification of Sig1
The following primers were used to amplify pHZ/Sig1-1.80: 5′-CGGCAAAGGAGAATCGGTGC-3′ and 5′-CAACATTCA-CAGTCTCTCTCTATGGC-3′. Cloning of the PCR product into the EcoRV site of pBluescript resulted in pBS/Sig1-1.15. The 1.15 kb BamHI-KpnI Sig1 fragment from this plasmid was inserted into pQE-31 (Qiagen), resulting in pQE/Sig1-1.15 with six histidine residues at the N-terminus of SIG1. Following overexpression in the M15 strain (Qiagen), the fusion protein was purified on a nickel-chelate column according to the manufacturer's protocol.
Gel shift DNA binding assays
Escherichia coli core enzyme (α 2 ββ′) was prepared from holoenzyme (Boehringer) by phosphocellulose chromatography (29) . Gel shift assays (30) were carried out with the psbA promoter fragment Hinf120, which was 5′-labelled using [γ-32 P]ATP and T4 polynucleotide kinase (New England Biolabs). Assays contained 30 mM Tris-HCl pH 7.0, 0.5 mM β-mercaptoethanol, 80 mM (NH 4 ) 2 SO 4 , 0.5 mM EDTA, 3 µg poly(dI-dC), 25 ng His-SIG1, 2.5 ng of labelled probe and 100 ng E.coli core RNA polymerase. Following incubation at 20_C for 15 min, samples were loaded onto 5% native polyacrylamide gels (11, 12) .
In vitro transcription
Reaction mixtures (50 µl) contained 50 mM Tris-HCl pH 8.0, 80 mM (NH 4 ) 2 SO 4 , 10 mM MgCl 2 , 1 mM DTT, 600 µM each of ATP, CTP and GTP, 10 µM UTP, 20 µCi [α-32 P]UTP (Amersham, 400 Ci/mmol), 10 U RNaseOUT (BRL) and 2 µg EcoRI-linearized plasmid pSA05/H120 as template. The amounts of protein, where applicable, were 100 ng E.coli core RNA polymerase, 300 ng E.coli σ 70 (prepared from holoenzyme by glycerol gradient centrifugation) and 50 ng affinity-purified His-SIG1. Following preincubation at 25_C for 10 min without ribonucleotides, the latter were added and incubation was continued for 30 min at 30_C. After phenolchloroform extraction and NH 4 OAc-isopropanol precipitation, transcripts were electrophoresed on 6% sequencing gels.
Preparation and analysis of plant RNA
Seedlings of S.alba cultivar Albatros were grown for 5 days in the light (250 pmol/m 2 /s) or in the dark. Cotyledons were harvested and total RNA was prepared (31) . Poly(A) RNA was purified using the Oligotex kit (Qiagen). RNA gel blot analysis (5 µg per lane) was carried out as described (32, 33) with an in vitro transcribed RNA probe derived from pBS/Sig1-1.15 (see below) at 65_C in 50% formamide, 5× SSC, 8× Denhardt's solution, 50 mM sodium phosphate, 0.1% SDS, 250 µg/ml salmon testis DNA (Sigma). Washing was carried out in 2× SSC, 0.1% SDS and then in 0.2× SSC, 0.1% SDS at 65_C for 4 h each. A control probe was prepared by transcription from the 633 bp EcoRV-HindIII insert of pBSEH633AT, which carries sequences of the β1-tubulin gene (β1-tub) from Arabidopsis (34).
RESULTS
Sig1 cDNA cloning
Initially we sought to isolate sigma factor genes by using degenerated oligonucleotides derived from internal peptides of the mustard chloroplast SLFs (12, 18, 19) . However, this did not result in an unambiguous identification of clones for sigma genes, neither did a strategy employing 'rpoD box' oligonucleotides of bacterial genes (14, 15, 35) . The successful approach was based on expressed sequence tag (EST) information from Arabidopsis available through the TIGR database (http://www.tigr.org/tdb/at/ at.html ). An EST (P12083; GenBank accession no. T88387) (24) with sequence similarity to the SigC gene from Anabaena sp. PCC7120 (36) was chosen for synthesis of PCR primers as described in Materials and Methods. The resulting 300 bp PCR product was cloned and then used in RACE experiments with mustard poly(A) RNA, resulting in a full-size sequence ∼1.8 kb in length. By using the 300 bp fragment as a probe in plaque-filter hybridizations of a mustard cDNA library (6.5 × 10 5 plaque-forming units), we obtained several clones that together confirmed the sequence determined by RACE (Fig. 2) .
Sequence analysis
The open reading frame of the cDNA translates into 481 amino acids, corresponding to a 53 kDa derived polypeptide. Alignment of the latter with RpoD from C.caldarium (14) , SigA from Anabaena sp. PCC7120 (37), σ 43 from Bacillus subtilis (38) and Each sequence starts at region 1.2 and ends at the C-terminus. Sigma regions 1.2-4.2 (horizontal arrows) are indicated above, identical amino acid residues (asterisks) and conservative exchanges (dots) below the alignment. The complete sequence has been deposited into the EMBL sequence database under the accession no. Y15899. σ 70 from E.coli (39) revealed similarity with these principal σ 70 -type factors (Fig. 1) . Among the typical regions 1-4 (40,41), 2 and 4 are most highly conserved (48% and 33% identical positions, respectively). Values for sub-region 1.2 were 24%, 17% for region 3, and only 10% for subregion 1.1. The overall degree of conservation is 17% (B.subtilis σ 43 ) to 20% (C.caldarium RpoD). Using PROSITE (42), the derived polypeptide has a marked σ 70 signature on the basis of the consensus patterns within subregions 2.2 and 4.2 (data not shown). From the sequence similarity we concluded that the mustard cDNA (tentatively assigned Sig1) may specify a plant sigma factor (SIG1). It was thus interesting to know if (i) the Sig1 gene product is targeted to the chloroplast and (ii) whether it has functional properties equivalent to bacterial sigma factors.
Chloroplast import experiments
The deduced SIG1 sequence was examined for features resembling a transit peptide for translocation into the chloroplast (Fig. 3A) . Similar to known transit sequences (3), the N-terminal 84 amino acid portion of SIG1 is rich in serine and threonine residues (36%) and contains only few acidic amino acids (5% aspartic and glutamic acid). To test for chloroplast targeting of SIG1, we carried out import experiments with isolated pea chloroplasts (Fig. 3B) . A 35 S-labelled polypeptide containing the complete N-terminal portion of SIG1 was synthesized from clone pBS/ Sig1-1.12 in a coupled in vitro transcription-translation reaction, resulting in a major product with apparent molecular weight of ∼37-39 kDa (Fig. 3B, lane 2) . Following incubation with intact chloroplasts, the organelles were separated by centrifugation, treated with trypsin and chymotrypsin to remove adhering protein, and both stroma (lane 4) and membrane fractions (lane 5) were then analyzed by SDS-PAGE and fluorography. The band representing the 37-39 kDa polypeptide is largely absent in the stroma (lane 4), and instead a band at ∼32 kDa is evident in this fraction. The latter band is neither visible in the membrane fraction (lane 5) nor in the translation supernatant (lane 3), indicating that SIG1 is made as a precursor and imported into the chloroplasts. Under the in vitro conditions it is targeted to the stroma and is processed to a product that, based on electrophoretic mobilty, is ∼5-7 kDa smaller in size.
Gel shift analysis of recombinant SIG1
To test if the mature Sig1 gene product can act like a bacterial sigma factor, we carried out DNA binding experiments. A SIG1 version lacking the putative transit peptide sequence was expressed in E.coli. Following affinity purification of the His-tagged protein, it was used in gel shift experiments with E.coli core RNA polymerase and a DNA fragment containing the mustard psbA promoter. As shown in Figure 4 , neither the core enzyme (lane 2) nor SIG1 alone (lane 4) resulted in appreciable amounts of specific DNA-protein complex formation. However, a mixture of the two components revealed a shifted band indicating interaction with the promoter-containing DNA fragment (lane 3). That this interaction was specific was substantiated by competition binding experiments. The shifted binding signal disappeared following incubation with a 100-fold excess of the DNA fragment that carries the psbA promoter (lane 5) but not with a promoter-free fragment from the trnK intron of mustard chloroplast DNA (lane 6) (20) . These results suggest that the recombinant factor and E.coli core enzyme together are capable of specific binding at the psbA promoter, which is consistent with a role of SIG1 as a chloroplast sigma factor.
In vitro transcription from the psbA promoter
Run-off transcription was carried out using linearized pSA05/H120 (11) as template and transcripts were analyzed by electrophoresis on sequencing gels. As shown in Figure 5 (lane 1), following incubation of E.coli core enzyme plus σ 70 , a major 66 nt run-off transcript was generated. This is the size expected for correct initiation at the in vivo transcription start site of the psbA and contains more basic (+) than acidic residues. It is followed by a more acidic stretch of low serine content, which does not fit criteria for chloroplast transit peptides (3, 59) . (B) Import assay. A 35 S-labelled polypeptide with the full N-terminal region was synthesized from plasmid pBS/Sig1-1.12 ( Fig. 2) by coupled transcription-translation. Products were then incubated with intact pea chloroplasts. After proteinase treatment, chloroplasts were lysed and fractioned into stroma and membranes. Proteins were separated by SDS-PAGE and analyzed by fluorography. gene (+1 band) (11, 20) , thus indicating efficient reconstitution of holoenzyme. Neither σ 70 (not shown) nor the His-tagged SIG1 protein alone (lane 2) revealed any transcription activity. Escherichia coli core enzyme alone (lane 3) produced +1 transcripts, but less efficiently than core enzyme plus σ 70 (lane 1). In addition, several larger-sized transcripts were visible, which most likely represent incorrectly initiated transcripts. Addition of His-SIG1 to the core enzyme (lane 4) resulted in increased levels of the +1 transcripts and reduced relative amounts of some of the larger bands seen in lane 3. This suggests that active heterologous holoenzyme was formed under these conditions, although the efficiency of faithful transcription was lower than for core enzyme plus σ 70 (lane 1).
Northern blot analysis
Probe Sig1-1.15, which extends on the left side of the conserved SIG1 regions 1.2-4 ( Fig. 2) , was chosen for RNA gel blot experiments. As shown in Figure 6 (top), poly(A) RNA from light-grown mustard seedlings revealed a single hybridization signal at 1.8 kb, i.e. the size of the Sig1 cDNA (Fig. 2) . This signal was neither detected in total RNA preparations from seedlings nor from organs of mature mustard plants (not shown), thus pointing to an overall low abundance of Sig1 transcripts. Poly(A) RNA from dark-grown seedlings showed the 1.8 kb signal (Fig. 6,  lane 1) ; however, it was at least five times less intense than with RNA from light-grown seedlings (lane 2). A tubulin probe (Fig. 6 , bottom) resulted in hybridization signals of equal intensity, supporting that Sig1 transcripts are more frequent in the light than in the dark.
DISCUSSION
Our assignment of mustard Sig1 as a nuclear gene for a chloroplast sigma factor is based on three lines of evidence. First, the derived polypeptide of the cDNA shares significant similarity with eubacterial σ 70 -type factors (Figs 1 and 2) (40,41,43) . Secondly, the in vitro import experiments (Fig. 3) indicate that it is targeted to the chloroplast stroma. Thirdly, the overexpressed and purified protein functionally resembles a bacterial sigma factor in heterologous reconstitution experiments with E.coli core RNA polymerase and the mustard chloroplast psbA promoter (Figs 4 and 5) .
Demonstration of chloroplast targeting is a crucial experiment in attempts to clarify the intracellular role of the protein. It is known for a number of eukaryotic nuclear transcription factors that they share local sequence similarity with prokaryotic sigma factors (44, 45) . Although the SIG1 protein from mustard clearly differs from any of these eukaryotic factors, the possibility (Fig. 2) . Sizes of RNA markers (kb) are given on the right. Bottom: hybridization signals with a control β1-tubulin probe from Arabidopsis (31).
existed, and was excluded by the chloroplast import experiments (Fig. 3) , that it might represent a nuclear-localized protein. Nucleic Acids Research, 1998 , Vol. 26, No. 11 2745 The resemblance of eukaryotic nuclear and prokaryotic factors reflects the overall similarity of these multi-component transcription systems, which is also evident from the sequence similarity of RNA polymerase core polypeptides from these groups of organisms (46) . What is therefore even more intriguing is the report that the mitochondrial transcription factor MTF1 from yeast has some sequence similarity with σ 70 regions 2 and 3 (47) . The mitochondrial core RNA polymerase is a single-subunit enzyme related to those of bacteriophages T3, T7 and SP6 rather than to the bacterial enzyme (48) . In plants, a (nuclear-encoded) phage-type polymerase not only exists in mitochondria (49, 50) but also in chloroplasts (7, 51, 52) . Both enzymes are products of different single-copy genes and one is targeted to mitochondria, the other to chloroplasts (7) . Although specificity factors have not yet been described for the single-subunit polymerases from plants, one might expect such protein(s) to resemble yeast MTF1 (44) . The derived SIG1 protein from mustard does not show any significant similarity to MTF1, which would argue against a role as a specificity factor for the phage-type chloroplast enzyme in vivo. Instead, the available sequence ( Fig. 1 ) and functional evidence (Fig. 3) rather suggests that SIG1 interacts with the (multi-subunit) bacterial-type plastid polymerase from mustard (53) (54) (55) . Three sigma-like factors were previously purified from mustard choroplasts (12) and etioplasts (18) . The most abundant of these factors, SLF 52 (with apparent molecular mass of ∼52 kDa on SDS gels), is within the size range of the mature SIG1 protein and hence a possible candidate for the native Sig1 gene product.
The superfamily of bacterial σ 70 factors is commonly divided into three groups (41, 43) . Group 1 represents the primary factors that are responsible for most RNA synthesis and are essential for cell viability. Members of groups 2 and 3 include the alternative sigmas that are dispensible for growth. Among the latter, the group 2 factors are closely related in sequence to group 1 factors (except for subregion 1.1), whereas those of group 3 are less conserved. An additional subfamily of σ 70 factors has been defined (ECF subfamily), members of which regulate genes that code for proteins with extracytoplasmic functions (56) .
Based on the lack of homology within subregion 1.1, it would seem appropriate to formally assign mustard SIG1 into group 2 of σ 70 -type factors. It should be noted, however, that even the principal sigma factor SigA from Anabaena has only limited homology to E.coli σ 70 within this region (37) , as have the sigma factors from the two strains of the red alga Cyanidium (14, 15) . In addition to SigA, two other factors, named SigB and SigC, were cloned from Anabaena (36) . Unlike SigA, the latter were found not to be essential for cell viability. On the other hand, they are more similar in sequence to the SigA protein, and to principal sigma factors from eubacteria, than they are to other alternative sigma factors. Along with other examples showing multiple homologues of principal sigma factors (57) , this may indicate that the current three-group system does not fully reflect the situation in at least a number of organisms, including photosynthetic prokaryotes and plants.
Recently, cDNA sequences were reported for three sigma genes from the higher plant Arabidopsis (16, 17, 58) , which were named sigA, sigB, sigC (16) and SIG2, SIG1, SIG3 (17) , respectively. None of them has significant sequence similarity to subregion 1.1 of principal σ 70 -type factors, but they are all conserved within regions 1.2-4.2. Mustard SIG1 shows 83% identity to Arabidopsis SigA (SIG2), but only 31% to SigB (SIG1) and 17% to SigC (SIG3). The Arabidopsis sigA (SIG2) transcript is the most abundant of the three species, which further suggests that this gene is homologous to mustard Sig1. In order to facilitate their distinction, and in accordance with current plant gene nomenclature, we propose SASIG1 as a systematic name for the S.alba factor. It will be interesting to define the relationship of these multiple sigma genes with the factors that have been biochemically identified (10) (11) (12) (13) 18) . Further insights into their essential, versus nonessential, functions can be expected from insertional inactivation and overexpression studies in transgenic plants.
